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Abstract—   Climate change and the resulting sea level rise 
are a serious threat to coastal zone in the world, including 
estuaries and coastal villages. The consequence of sea level rise 
(SLR) on the Welsh coast is still ambiguous, and updating of 
current flood risk tools is necessary to mitigate the potential 
damages arising from the future flood events along the Welsh 
coasts. This study focuses on hydrodynamic impacts of SLR on 
Welsh coasts, particularly in the Dyfi Estuary at Mid Wales, 
using an advanced modelling tool – TELEMAC2D. The analysis 
of flood dynamics is based on the time varying water depth and 
velocity from the model, so that flood index, flood duration and 
hazard rate can be more accurately predicted and assessed. In 
this study a high-resolution TEELAC2D model was setup, 
calibrated and validated for the Dyfi Estuary with a number of 
SLR and river discharge scenarios. Results showed that with the 
commonly accepted SLR quantities, a considerable area within 
the Dyfi Estuary is to be affected, but the flood duration and 
hazard rate vary widely within the study area, providing the 
insightful details of the flood risk in the region for better and 
sustainable future coastal management.  
I.     INTRODUCTION 
Estuary are simply tidal basins or “semi-enclosed coastal 
bodies of water which have free connection with the open sea 
and within as well  as receiving great influences by tidal 
forces" as described by [1].  Estuaries are generally similar, 
in that they are influenced greatly by tidal forces [2] and are 
highly influenced  by sediments transportation that play the 
major role in terms of estuary reshape [3]. Wales has over 
1200 km coastline, along which many low-laid estuaries that 
are highly vulnerable to flooding and storm surge. A rise in 
the current mean sea level would increase flood severity and 
frequency of occurrence [4] and consequently affect the 
morphology of estuary and impact the environment and 
human life around estuaries and coastal zones. In such cases, 
coastal management becomes more difficult, because of the 
need to provide sufficient flood protection in such zones and 
more importantly to preserve nature of the coastal zone. The 
Dyfi Estuary which situated on the west coast of Wales at the 
center of Cardigan Bay, is remarkably one of the biggest, but 
most vulnerable estuary. 
According to the Intergovernmental Panel on Climate 
Change's (IPCC) predictions on the sea level rise (SLR), the 
UK coastal zone in general will be subject to a SLR up to 0.98 
m by 2095 [5].  With respect to the Welsh coasts, the SLR is 
expected to be between 0.32 to 0.76 m by 2095 due to global 
warming and thermal expansion of ocean based on the 
recommendation of the UK Climate Projection 2009 
(UKCP09) [6]. The report further indicated that by including 
both ice sheets melting and vertical land movement, the 
estimated SLR could be between 0.93 m and 1.96 m by 2100. 
As a result, the low-lying lands in Wales including estuaries 
will be under increasing threats of coastal flooding. For such 
locations, urgent coastal management is required. 
The Dyfi Estuary and neighboring villages were exposed 
tidal flooding and storm surges in the past [7,8] and a sea level 
will increase tidal flooding, surge severity, and reduce the 
efficiency of the soft sea defenses that are already present in 
Dyfi Estuary. Researchers have studied the impact of SLR on 
Dyfi Estuary flooding [8], and the expected future flood risk 
on coastal towns [9–11]. These studies have assessed flood 
risk depending on highest tidal level or peak flood within a 
short time serious; the outcome of these results is limited and 
does not sufficiently provide information about the contact of 
the flood on agricultures and secondly the short flood 
modelling period does not express the dynamic trend of 
flooding. In this paper, an approach based of flood dynamics 
and long computation run is applied on the Dyfi Estuary as 
example; the hydrodynamic model was based on Telemac-2D 
(v7p1r1). The combination of tidal forces and different river-
flowrates under different SLR scenarios were used to plot 
flood map and flood dynamic maps in the Dyfi Estuary and 
surrounding locations. The main objective of this study is to 
enhance current knowledge about future flood caused by SLR 
and to suggest better coastal flood management in Welsh 
estuaries. 
II.     CASE STUDY 
The Dyfi Estuary geographically is located in the center 
of Cardigan Bay Fig. 1, and is one of the biggest estuary in 
the UK; with main channel length being up to 19.6 km. The 
estuary is funnel-shaped and has maximum width of 2.4 km, 
with a sandy spit at its mouth. During spring tide, seawater 
submerges approximately 16 km² of the estuary, allowing of 
extensive development of intertidal sandbank and mudflat 
within the area. The estuary is connected with network of 
creeks, which are the pathway between the entrance and the 
southern estuary boundaries. This is because of being a 
shallow estuary where the estuary bed elevation is 
approximately 4.5 m above chart datum (CD), which steeply 
decreases outside the estuary mouth to become 10 m above 
CD. 
The estuary and its surrounding beaches are located in 
active coastal zone, and subjected to macro tides. At the study 
site, semi-diurnal tides. The tide ranges are up to 4m for 
spring tides and 2 m for neap tides. Records show that human 
activity caused changes to the natural land formation, through 
the construction of a railway embankment, and the canalising 
and diverted of the Afon Leri to the southern of the estuary. 
The main purpose for these activities was to control high 
discharge inside the estuary, and protect the villages of Borth 
and Ynyslas from flooding, see Fig. 1. Despite these 
activities, the area is still subjected to regular coastal and 
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fluvial flooding, the combination of high spring tides, 
coinciding with high river discharges can result in flooding in 
coastal towns and hinterlands.  The railway embankment has 
been considered as successful flood protection device, despite 
restricted existing salt marsh of moving back into land. If 
SLR,  this area will see a reduction in salt marsh tidal creek 
networks because of the increased tidal prism in the estuary 
[12]. 
Current concerns about the Dyfi Estuary focuses on two 
main points: firstly, the aging nature of these defenses, and 
the low protection offered against flooding by a possible 
future SLR (and the subsequent future surges in Borth and 
Ynyslas). The second point concerns the preservation of 
conservation sites behind the hinterlands and the salt marshes 
to the south of the Dyfi Estuary. However, it is unclear how 
the estuary will respond to rise in sea level in the future, and 
how the conservation sites, such as Borth Bog, salt marsh will 
be maintained. 
III. MODEL SETUP 
Given the different spatial scales that were considered, the 
computer model was set up with coarser mesh to cover the 
entire Welsh coast and part of the English coast, including 
both Irish and Celtic Seas, and the refined local mesh to cover 
the details of estuary. Fig. 2 shows the computational domain, 
which was centered at the middle of Wales (Cardigan Bay), 
while the northern and western extremes of the model are 
located in the North Atlantic Ocean. In addition, the southern 
boundaries are located in the Celtic Sea. The computational 
domain consists of 81,993 cells that cover surface areas of 
279,186 km². The mesh size decreases gradually toward the 
shoreline, the largest cell area is located within the open 
boundaries at 83.5 km²; and the minimum cell area is 90 m² 
near the shoreline. The bathymetry obtained from the 
Admiralty Digimap bathymetry data [13] and was plotted on 
the mesh. 
  To represent the details of the estuary and upstream river, 
it was necessary to for computational mesh to be refined in 
the estuary. Flood propagation onto land by the force of SLR 
was modelled by connecting a new mesh that shaped the Dyfi 
Estuary into the large model as described in previous section. 
Along the Dyfi Estuary, a new mesh that represents selected 
flood-prone areas was connected to the large model. The 
added areas are approximately 12 km along the domain beach 
centred by the Dyfi mouth and 28 km inside the estuary to the 
upstream boundaries, as shown in Fig. 2. The cell number of 
the new model increases from 81,326 to 257,158 cells and the 
smallest cell area becomes 6.35 m² inside the Dyfi Estuary 
Fig. 2. 
     Elevation data were provided by Admiralty Digimap 
bathymetry data [13] , the difference between bathymetry and 
topography datum (chart datum and ordnance datum) was 
resolved using the UKHO VORF dataset [14].   Assigning 
different friction values based on the land use of each cell is 
an essential task in flood modelling [15,16]  to improve the 
accuracy of the model. Along the open boundaries, boundary 
forces were forced as water level and velocity The open 
boundary conditions were imposed with tidal levels using the 
date extracted from a TPXO database (the Global Ocean Tidal 
Model Database) [17]. The TPXO data provides amplitudes 
of tides concerning sea surface elevations of eight main tide 
amplitude types (M2, S2, N2, K2, K1, O1, P1, Q1), two long-
period tides (Mf, Mm) and three non-linear tide (M4, MS4, 
MN4). The harmonic constituents and TPXO database 
http://volkov.oce.orst.edu/tides/global.html. The Manning 
values assigned for land use in the flooding area are as 
followed:  riverbed friction was 0.02, arable land 0.04, bare 
earth 0.022, urban area 0.018, managed grassland 0.035 and 
salt marsh 0.035 and forest 0.045 [15].  Telemac-2D solves 
the non-linear shallow water equations, Saint-Venant 
equations (momentum and continuity), using the finite 
element methods [18]. Telemac-2D has been successfully 
used in hydrodynamic simulations in the recent years [19–
21], and the effectiveness of Telemac-2D is clearly shown 
with its ability to simulate a closer tide range to the field data. 
 
IV. MODEL VALIDATION 
The model calibration and validation were carried out 
over 30 days, the computational output is 15-minute from the 
1st to the 31st of January 2006, which covers two neap-spring 
tidal cycles. The model results were compared with the field 
measurements database at ten tidal gauges across both the 
English and Welsh coasts from tidal harmonic analysis 
(BODC – http://www.bodc.ac.uk) after removing of skew 
surge values from observed water level. However, in this 
paper we only illustrated results at of both tidal gauge stations 
in the Cardigan Bay closer to the Dyfi Estuary (Barmouth and 
Fishguard) for a shorter period of 9 days. 
The overall validation shows a good agreement between 
the observed data and the model results in all locations in 
terms of tide levels and phase, as shown in Fig. 3. However, 
minor differences can be seen at the low tides at both sites, 
where the predicted sea levels are higher than those observed. 
This discrepancy may be attributed to inaccurate bathymetry 
in the target area. The validation of the model showed a good 
overall performance of the model and the model is capable 
for sea level simulation. To ensure that the modelled water 
level in the local area is accurate enough when compared to 
field measurements, Two sites were selected to fulfil this 
purpose, firstly the Aberdyfi harbour in the downstream, and 
secondly the Dyfi junction in the up upstream Fig. 4. In 
general, assessment showed a good agreement between the 
modelled and field data throughout the validation period in 
both locations. Although model results in the Aberdyfi pair 
showed shift in phase 25 min and lower water depth during 
the neap period, which is attributable to low accurate 
bathymetry inside the estuary. Within the Dyfi River, 
Telemac-2D predicted higher water levels than the observed 
date, as it is difficult to obtain accurate riverbed elevations, 
and therefore these errors are expected.  
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 Figure 1. Location of the Dyfi Estuary - the map shows the surrounding urban areas and the conservative sites  located around the 
Estuary; SSSI (Special Scientific Interest); SACs (Special Areas of Conservation sites); (NNR) NationalNature Reserve; A Ramsar Site is a 
wetland site designated of international importance under the Ramsar Convention. 
 
 
Figure 2. Computational domain and bathymetry with tidal gauge stations (black circles); 1) Barmouth; 2) Fishgaurd (insert shows the refined 
mesh for Dyfi Estuary.
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Overall, the validation showed a good symmetry between 
the modelled and field data, and showed its suitability for use 
as a flood-modelling tool. 
V. MODEL SCENARIOS 
A set tidal forces combined with different fluvial 
discharges from the river’s flowrate have been designed to 
simulate the most likely scenarios for today, the near and 
distant future. It is not expected that these conditions would 
occur at the same time.  The simulation of the scenarios will 
illustrate the places most at risk of flooding in the future. SLR 
values were added as a linear increase of the selected sea 
water level as follows: 0.0 m, 0.5 m, 1.0 m, and 2.0 m as 
justified in previous sections. Other forces such as wind or 
waves were not included in this model, although Telemac-2D 
can simulate these parameters. While on the river boundaries, 
the scenarios were proposed to simulate different events, such 
as the following levels of river discharge: none, the mean, and 
the mean maximum. However, in this paper, only one case is 
show: the 1/100-years. All modelled scenarios are shown in 
Tab. 1 Telemac-2D ran this model for 31 days, from 1 - 31 
July 2007, with one-hour time intervals and a 5-second time 
step. 
 TABLE 1. MODEL SCENARIOS ADOPTED FOR CURRENT STUDY 
 SLR(m) 
River discharge (m³/sec) 
Avon Dovey  Avon Leri  
Scenario 1 0.0 
Scenario 2 0.5 
Scenario 3 1.0 
Scenario 4 2.0 
 
 
 
Figure 3. Comparisons between Telemac-2D predicted water level and 
observed water levels in different tide gauges. (a) Barmouth; (b) 
Fishguard. 
(a) 
 (b) 
 Figure 4. Comparison between modelled water level by Telemac-2D 
and observed data at: (a) Aberdyfi Pier.form the 9th to the 17th of 
July2007; (b) Dyfi junction station, case was run using mean flow rate 
(23.8 m³/sec) for the period of 10th to the 25th October 2013. 
 
VI. RESULTS 
Predicted water depth by Telemac-2D was used to outline 
flood maps of the domain. Water depth of each scenario was 
plotted over high-resolution satellite imagery. Plotting of all 
maps was during highest spring tide on July 2007.  Fig. 5a 
shows modelling of current sea condition, in this scenario 1, 
water did not overtop the coastal defences and the 
embankment along the Dyfi Estuary. In opposite when adding 
the high-river flows of both Avon Leri and Avon dovey, where 
both caused flooding nearby both Dyfi junction and Borth 
Bog, to affect the A487 road and small part of the 
conservation sites. Fig. 5 shows the impact of SLR by 0.5 m 
above the current sea conditions. The most notable result 
from this scenario is the filling of estuary container by water 
and movement of water via small ditches into the Avon Leri 
and Afon Cletwrin in the south of the Dyfi. This caused 
limited flooding nearby channel’s banks. However, filling of 
estuary by water will submersion significant part of salt marsh 
sites Fig. 5 that observed in this scenario with all cases, this 
increased concern about salt marsh future.  
Fig. 5c shows flood map of modelling 1.0 m of SLR. The 
proposed scenario by the IPCC highlighted the weakness of 
the estuary against SLR; over-filling of the estuary with water 
during the high tide above 2.25 m depth. Consequently, water 
level in the upstream boundary increased sharply up to 2.75m 
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at many locations near by the A487 and B4353, to floods 
significant part of the forest and agriculture lands. In addition, 
the scenario showed that coastal flooding would occur if 
current coastal defence remain unchanged, mainly in the 
Borth village and south of Ynyslas, seawater movement 
extended to the south of Avon Leri traveling up to 800 meter 
further toward the river by the help of land topography. This 
flood extending is similar to mentioned reported after the 
2013-2014 storm surge when the Borth town was flooded by 
high water level [22]. 
It should be mentioned that impact of 1.0 m of SLR 
influence is not restrained by flooding; it does even affect the 
beach of the Aberdyfi and other beaches around. As these 
beaches were submerged during the simulation with a high 
water depth, this may result in coastal receding and clear 
morphological changes. In addition, the spit in the mouth of 
the estuary were completely submerged over long time during 
the simulation. The possible changes of the beach area and 
shape would lead to a coastal squeeze and a limitation of 
future investments in this location.  Fig. 5d shows flood map 
of 2 m SLR. The observable effects of this low probable 
scenario is massive flooding in the whole low land areas, and 
water propagated further inland to inundate Borth and south 
of Ynyslas villages inside land by 2 km approximately, the 
massive flood would submerge parts of A487, B4353 and the 
railway. This would make the evacuation and traveling into 
flood-prone very difficult task due to high water level. 
Adding 1 in 100-year river event to SLR scenario resulted in 
flooding 26.3 km² of lands, most of which with elevation 
below 6m above mean sea level. The major source of flooding 
is rivers flowing from the estuary filled with water that enters 
these rivers through the drainage holes and thus, flooded the 
surrounding lands. 
Moreover, seawater overtopped coastal defences along 
the south boundary and massive flooding occur in Borth and 
Ynysals, and the high depth is because receiving of water is 
from two sources river and coastal. The flooded areas sharply 
increased from 2.5 km² during current conditions to 27.5 km² 
at the worst case scenario, this is because flooding by current 
condition and 0.5 m of SLR will influence the intertidal zone 
that is restricted by the estuary basin and the railway 
embankment. In opposite to other scenarios when over-
contain of small channels flooding in surrounding green 
areas. The consequents of future SLR are severe. The 
agricultural spaces and conservative sites inside coastal zones 
are vulnerable to SLR; possible extensions of the tidal zone 
further into the hinterland may possibly alter coastal 
environments by causing land loss and coastal erosion in both 
Borth and Ynyslas especially in the Ynyslas sand dune and 
downstream of Dyfi Estuary. 
VII. FLOOD DYNAMICS 
The previous section showed how different SLR would 
result in more frequent tidal flooding. Although water depths 
commonly used to assess flood risk, other factors such as 
flood dynamics is rarely discussed by existing literature. 
Mapping of flood dynamics would give more realistic picture 
of future flooding risks than typical Flood maps, because 
flood dynamic will represent submerged period of each 
location, as SLR would increase the possibility of tidal 
flooding occurring more frequently. The illustration of the 
submersion time of each cell would point out the flood hazard 
on any element falling within the cell boundary. In addition, 
it would increase knowledge about possible evacuation 
routes, and helps to develop local flood management plans for 
emergency events. 
  The flood duration was achieved by using Telemac-2D 
to capture how many times each cell was flooded, while the 
accumulation of submerged time is the total inundation period 
of each single cell. The flood duration index was adopted 
from [23] who provided a methodology to show the impact of 
flood duration on communities. The duration index was 
divided into different periods. Periods of less than one day (2 
/ 12 / 24 hours) were seen to have a limited impact on a 
community. Periods of flooding that last between 1 - 4 days, 
shown to be a nuisance, and have limited impacts, including 
disrupting people’s daily lives, affecting crops in farms, and 
causing the loss of assets. Finally, flooding periods that 
extend for longer than 5 days can cause the contamination of 
surface water, and outbreak of waterborne diseases. 
  Fig. 6 (a & b) shows flood dynamic maps of current sea 
conditions and a SLR of 0.5 m under different fluvial 
conditions, expressed as the number of hours flooded in July 
2007. The most noticeable results of all scenarios showed that 
the longest inundation periods were located by the riverbanks 
of the Dyfi and Afon Leri rivers: of up to 240 hours spent 
submerged. This is as a result of water retention in land with 
an irregular topography around riverbanks with 
     Fig. 6 (c&d) shows the depth and duration of flooding 
in the cases of a SLR of 1.0 m and 2.0 m above current sea 
levels. The influence of a 1.0 m SLR increases flood duration 
in the southern bank of the estuary, while the 2.0 m rise 
submerges most of the lower lands for more than 240 hours 
per month. This longer flood duration (in the 2.0 m scenario) 
has a number of serious consequences, which are, flooding 
and both villages are totally submerged for a duration 240 
hours (apart from the area to the north of Ynyslas). Although 
high sand dunes protect the area, the unflooded areas could 
be blocked by water, and evacuation processes might be 
difficult, as flooding will cause disruption on the roads that 
connect the countryside and the coast. Failure of existing 
coastal defenses is because they are designed to withstand 
against 1/100 year event (4.14 m); therefore, rise of sea level 
by 2 m increased mean sea level to 4.85 m (AOD), as follows. 
The Borth Bog and other conservation sites are submerged 
and potentially destroyed. In Aberdyfi, the lowland coastal 
area at the mouth of the estuary is under extreme risk due to 
the insufficient height of existing sea defenses. 
Appropriate management of the estuary to face future 
challenges due to SLR is essential to maintain the 
environment value of the estuary. One of the Dyfi Estuary 
issues is the south boundary where salt marsh site appears 
along with total areas up to 421 ha [25]. 
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(a) 
 
(b) 
 (c) 
 
(d) 
 
Figure 5. flood map of the Dyfi Estuary (a) current sea condition. b) 0.5 m SLR. (c) 1.0 m SLR, (d) 2.0 m SLR. All scenarios are combined with 1/100 year 
fluvial event of both Avon Dyfi and Avon Leri. 
The railway has stopped the salt marsh sites expanding to 
further locations, and therefore, losing of salt marsh is 
expected because of being settled in low areas. As a result of 
SLR, the salt marsh may be submerged in water during 
flooding. Using flood dynamic to assess future of salt marsh 
is useful tool; this is because dynamic of the tidal cycle 
controls salt marsh vegetation distribution within the 
intertidal zone. Lowest salt marsh type is usually present in 
the bottom where it is submerged by seawater except during 
lowest tidal receding this is estimated to be submerged for 
around 40% of the tidal cycle time. Opposite to middle and 
high marshes submerged for 10% of tidal cycle time only 
during high spring tide [24]. 
The elevation of the southern estuary bank is fairly 
consistent; the elevation range of these sites is between 0 - 
1.85 m AOD. A rise in sea level by 1.0 m would submerge 
285 m towards the railway during the high tide. This could 
potentially submerge the pioneer and lower zones of salt 
marsh vegetation, and the middle marshes would move 
backward to the sea wall to cause coastal squeeze. The 
calculation of salt marsh reduction was based on the dynamic 
approach that was outlined previously. The results showed a 
significant loss of salt marsh sites. For example, in the highest 
sea-level rise scenario, water would dynamically cover 
84.55% of salt marsh sites with a water depth of up to 2.5 m, 
to remain only 85 hectares.  Environment agency [25] showed   
that there will be a reduction in salt marsh sites of 50% if the 
sea level rises by 0.3 m. While it was stated by [24] that all 
salt marshes will be wiped out if the sea level rises by 1.0 m, 
this discrepancy may be because this methodology is based 
on the dynamic approach while others have used the static 
approach. However, in the Dyfi Estuary, the main reason for 
salt marsh loss and the limited possibility for migration of 
marshes inland is the railway embankment, which restricts 
and constrains any further salt marsh growth.
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 (a)  (b) 
 (c)  (d) 
Figure 6. Map of flood dynamic (Hours flooded/month) of the Dyfi Estuary and surrounding areas for different SLR scenarios modelled by Telemac-2D for: 
a) current sea condition; b) 0.5 m SLR;  (c) 1.0 m SLR; (d) 2.0 m SLR. All scenarios are combined with 1/100 year flow discharges from Avon Dyfi and 
Avon Leri. 
 
VIII. CONCLUSIONS 
A Telemac-2D hydrodynamic model was used to study 
the Dyfi Estuary and neighbouring low-elevation lands, 
including rivers and other side streams. The results show that 
Telemac-2D was capable of representing flood dynamic per 
cell. This concept is important to understand tidal flood 
stages, since it gives an insight into the tidal cycle rather than 
just giving the highest water level. The monthly flood 
dynamic maps illustrated that the most vulnerable areas in the 
domain are subjected to a medium flood duration of 48 -240 
hours per month (case a, b, c). The longest flood duration 
occurred across most flooded areas during the worst-case 
scenario when combined with high river flow. 
The flood dynamic was linked to other environmental 
issues around the Dyfi Estuary to gain a better understanding 
of the impact of a rise in sea level; for example, the future of 
the salt marshes in the domain. The current concern is that salt 
marsh spaces will be diminished if the sea level rises. The 
flood dynamic map showed the salt marsh sites are extremely 
vulnerable, as 0.5 m of SLR will reduce current sites by 
59.45%. The worst-case scenario of a 2.0 m rise showed that 
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only 15% of current salt marsh would remain unaffected. It is 
recommended that the results of the model be used as a tool 
to further enhance the study of the region, such as prediction 
of flood hazard scale based on flood dynamics concept and 
investigate the future change of the shoreline under SLR.  
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